An apparatus for measuring simultaneously the surface electrical potentials along epicotyl was developed to study the largely bending situation by gravity. Potentials increased on the upper side and decreased on the lower side after the horizontal placement. The time course of electrical changes consisted of two components which correspond to growth movements observed during gravitropism.
The Cholodny-Went model of gravitropism in plants suggests that the asymmetric distribution of auxin results in a gravitropic response in shoots (14) . The process leading to such an unequal auxin distribution is not known. Some investigators have suggested that auxin accumulation results from an electrical asymmetry between the upper side and the lower side in the horizontal position (1 1).
In roots, electrical currents around a primary root after gravistimulation have been studied (1, 3) , and also membrane potentials have been measured in lateral statocytes of vertically and nonvertically growing roots (2) . The currents flow acropetally on the upper side of the root cap and basipetally on the lower side. Statocytes on the lower side of the root depolarize, and statocytes on the upper side hyperpolarize. This electrical asymmetry is the earliest event in graviperception.
In shoots, early workers observed a transverse electrical potential in the horizontally oriented shoots (4, 5, 16) . Grahm and Herz measured the potential between the upper and lower sides for 1 h and observed the potential increase after 15 min (4). Woodcock and Wilkins (15, 16) and Wilkins (5) considered that asymmetric IAA distribution produced the electrical field across the gravitropically responding shoot during upward curvature. However, Tanada and Vinten-Johansen ( 11) observed the development of a positive electrical potential on the lower side approximately 1 min after horizontal placement. This time is less than the presumed gravitropic presentation time of the shoots. They suggested that Grahm and Hertz and others might have been unable to detect a fast positive gravielectrical effect. However, this experiment seems to need a reexamination because the electrical potentials on the lower side drift to negative in the vertical position (9) .
The explanation for the electrical potentials during gravitropism in epicotyls requires long-term, sensitive measurements of the potentials not only on the lower side but also on the upper side throughout the entire time course of gravitropism. We have measured the surface electrical potentials on the lower and upper surfaces of shoots by developing new measuring equipment that was not effected by the amount of gravicurvature.
MATERIALS AND METHODS

Plant Material
Etiolated epicotyls of adzuki bean (Phaseolus angularis) seedlings were used. Seeds were soaked in distilled water (40 ± 1°C) for 4 h and were placed in trays on filter papers wetted with 0.1 mm KCI and 0.05 mM CaCl2 solution. The trays were kept in darkness at 30 ± 1°C. After 5 d, the seedlings were moved to plastic cases filled with 0.1 mm KCI, 0.05 mm CaCl2, and 1.5% agar solution and then grown vertically for 1 d. The seedlings were used when the epicotyls, which emerged upward from cotyledons, were 80 to 100 mm in length.
Gravitropic Curvature
Growth rates of epicotyls were measured. Epicotyls were marked with India ink (rotring-werke Riepe KG) at 2-mm intervals, and the growth rate between the marks was measured.
Experiments were performed in a light-tight box at about 30°C. The epicotyl was positioned vertically in the measuring device which could be rotated. A video camera (Hitachi KP-140) was placed in the box to allow measurement of growth and gravicurvature of epicotyl. A dim red lamp (60 lx at the plant surface) was used for observation of the plant material to reduce phototropic interference in the observations. The image of the epicotyl was displayed on a monitor and traced onto transparent sheets.
Measurement of Electrical Potential
The measurement system is illustrated in Figure 1 . An electrical conductive paste (4.5 g of starch, 10 mL of glycerin, and 15 mL of 10 mM KCI solution) which does not affect the growth of the seedlings was used to connect electrodes to the plants. Measurement electrodes were constructed of a flexible Ag/AgCl wire (0.3 mm radius) with a rounded tip. Four electrodes were attached to one side of the epicotyl at 10-mm intervals beginning 20 mm from the base of the first leaves. A reference electrode was placed in the medium in which the seedling was submerged. This electrode was a pipet electrode containing an Ag/AgCl wire and filled with 100 mM KCI and 1% agar. The electrodes were linked through a measuring circuit to a personal computer for simultaneous measurements (10) . The measuring circuit was composed ofhigh-input impedance (1012 Q) amplifiers connected to each electrode, analog multiplexers for selecting each signal from the electrodes, and an analog-to-digital converter. A personal computer system controlled this circuit and provided data analysis. The electrical potentials at four points were recorded simultaneously.
The electrical potential on each side of the epicotyl was measured separately; measurement of both sides simultaneously caused unfavorable results probably due to an electrical contact between two sides through the paste. Therefore, the electrodes were attached only to the future upper or lower side of the epicotyl, as shown in Figure 1 . The tissue was not abraded, because it seemed better to avoid the mechanical damage and the measured potentials were as large as 10 mV (see Fig. 5 ). The epicotyls were allowed to equilibrate in the experimental apparatus for 2.5 h before the experiments. Twenty min after beginning electrical potential data collection, the case in which the epicotyl was planted was slowly rotated 900 to place the epicotyl in the horizontal position. The curvature of the epicotyl was recorded simultaneously using the video camera. Potential values were recorded for 140 min.
RESULTS
Time Course of Curvature
The distribution of the growth rate for adzuki epicotyls is shown in Figure 2 05 I,,,,,,,,,,,,,,, bent upward in a region wider than the elongation zone, which extended to 35 mm, as shown in Figure 2 .
Electrical Potential during Gravitropism
The typical data for the time course of the electrical potentials observed at the four electrode attachment points during gravitropism are illustrated in Figure 5 . Measurements were made for 32 epicotyls. After the plant was rotated to the horizontal position, the plant curved downward for the first 15 increased sharply at all points by about 10 mV; this magnitude ofchange appeared in all of the epicotyls, which showed usual gravitropism. These changes were maximal within about 15 min after the initiation of the gravistimulus (Figs. 3 and 5 ), *40mm depending on the epicotyl and the measured position.
As the plant bent upward from 20 to 60 min, the potential on the upper side decreased in the elongation zone (at 20, 30, and 40 mm as shown in Fig. 4 ) by about 10 mV. On the lower side, the potential in the noncurving zone (at 50 mm) 50mm again shifted positively to about 5 mV compared with that of the vertical position. The potential on the lower side also increased in the elongation region in about 30% of the epicotyls used. These potentials returned to the original levels after 60 to 70 min. At that time, the rate of curvature was reduced (Fig. 3) . urvature. 0, One epicotyl showed a small curvature of 100 for 120 min; Details are it showed no electrical changes mentioned above.
re the elec-!right refers served. This result is similar to the observation of Harrison and Pickard (6) in tomato seedlings. They proved that the early net downward curvature results from growth rather than sagging.
The rate of curvature at the points where the electrodes were attached is illustrated in Figure 4 . To estimate the curvature near the electrode, two straight lines were drawn connecting the attachment point of the electrode and two points -mm distant from the electrode attachment. Then, the angles were measured between these two lines. Electrode 1 and electrode 2 were placed at the distances of 20 and 30 mm from the base of first leaves, respectively. These points were located in the elongation zone. Electrode 
DISCUSSION
These findings indicate that the electrical potentials on the lower side increase, and the potentials on the upper side decrease for about 1 h after the horizontal placement. The time course consists of two components, i.e. the initial component for the first 15 min of "wrong way" curvature (6, 7, 9) (5) (6) (7) 9) and contributes to induction of H+ secretion, which is thought to initiate growth (17) . Gravitropic gradients in pH have been documented (8) ; the visualized pattern of differential acid efflux became more intense as the curvature developed. The surface electrical potentials might reflect the H+ concentration or the H+ pump activity because the electrical potentials on the lower side change broadly along the surface as the pH changes. Accumulation of H+ and the electrical potential are closely related through electrical current loops inside and at the surface of the stem (12, 13) .
Hence, the initial component found here indicates the potential change found by Tanada and Vinten-Johansen, and the later component indicates the potential change reported by Grahm and Herz. The change in electrical potentials from the initial to the later phase of gravicurvature may result from the change from positive to negative gravicurvature.
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